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Executive Summary
The objective of this study was to evaluate the operating parameters impacts on the
performance of a gasification-based waste tire integrated energy conversion system. In this
system, the waste tires are put into a downdraft gasifier that is providing fuel for a solid oxide
fuel cell (SOFC). The system is evaluated by the syngas production, power generation, and
overall efficiency under various operating conditions. A hybrid 1-D model was adopted to
perform a parametric study of the tire gasification and calculations were done to estimate the
integrated system power generation and overall efficiency using MATLAB.
Three parameters were studied: the moisture content of the waste tires, mixture ratio of
wood and waste tire, and equivalence ratio (ER). At the varying levels of these parameters, the
efficiency and power output of the system was determined. Based on the efficiency of the
system, an equivalence ratio of 0.25, 30% moisture content, and 40% mixture ratio were
determined to be optimal. Applying these conditions simultaneously to the SOFC simulation
resulted in an efficiency of 33% and power output of 1.06(10^8) W. An ER of 0.25 increased the
efficiency by 10% in all cases. The results show that tire is suitable to be used in a gasification
based SOFC integrated system.

5

Table of Contents
Chapter 1: Introduction ................................................................................................................... 8
1.1 Background and Objectives .................................................................................................. 8
1.2 Biomass Gasification............................................................................................................. 9
1.3 Solid Oxide Fuel Cells ........................................................................................................ 11
Chapter 2: Literature Review

................................................................................................. 13

2.1. Integrated Gasification Combined Cycle Systems ............................................................. 13
Chapter 3: Methodology ............................................................................................................... 15
3.1 Equilibrium gas model ........................................................................................................ 15
3.2 Solid Oxide Fuel Cell Model .............................................................................................. 18
3.2.1 Open Circuit Voltage .................................................................................................... 18
3.2.2 Activation Polarization ................................................................................................. 18
3.2.3 Concentration Polarization ........................................................................................... 19
3.2.4 Ohmic Polarization ....................................................................................................... 19
3.2.5 Internal reforming ......................................................................................................... 20
3.3 Parametric Study ................................................................................................................. 22
Chapter 4: Results and Discussion ................................................................................................ 24
4.1 Syngas Output from Waste Tire Gasification ..................................................................... 24
4.2: Performance of Waste Tire Integrated SOFC system ............................................................ 26
Chapter 5: Conclusions and Recommendations ........................................................................... 35
REFERENCES ............................................................................................................................. 37

6

List of Figures
Figure 1-1 Gasifier Comparison .................................................................................................. 10
Figure 1-2 Operation of a SOFC ................................................................................................... 12
Figure 3-1: Gasifier ....................................................................................................................... 17
Figure 3-2: Steam Reforming Reactor .......................................................................................... 21
Figure 4-1: Moisture Content vs Flow rate ................................................................................... 25
Figure 4-2: Mixture Ratio vs Flow rate ........................................................................................ 25
Figure 4-3: ER vs Flow rate .......................................................................................................... 26
Figure 4-4: Moisture Content vs Efficiency ................................................................................. 27
Figure 4-5: Moisture Content vs Power ........................................................................................ 27
Figure 4-6: Equivalence Ratio vs Power ...................................................................................... 28
Figure 4-7: Equivalence Ratio vs Efficiency ................................................................................ 29
Figure 4-8 Mixture Ratio vs Efficiency ........................................................................................ 29
Figure 4-9: Mixture Ratio vs Power ............................................................................................. 30
Table 1: Optimal Design Parameters ............................................................................................ 30
Figure 4-10: Mixture Ratio vs WSOFC ........................................................................................ 31
Figure 4-11: Mixture Ratio vs Efficiency ..................................................................................... 32
Figure 4-12: Moisture Content vs WSOFC .................................................................................. 33
Figure 4-13: Moisture vs Efficiency ............................................................................................. 33
Table 2: SOFC Parametric Study .................................................................................................. 34
Table 3: Published Data ................................................................................................................ 35

7

Chapter 1: Introduction
1.1 Background and Objectives
Gasification is described as a technological process that converts feedstocks into
synthesis gas; this process involves thermal conversion of biomass into a combustible gas
mixture through incomplete combustion [1]. The biomass gasification integrated solid oxide fuel
cell (SOFC) hybrid systems have been widely studied and research shows that the electrical
efficiencies of such systems can reach a level of 40-42% [1]. Some common feedstocks that are
converted into electrical energy are coal, biomass, and other waste streams. To reduce landdisposed pollution of tires, the technology of gasification has been proposed to convert tires for
syngas production.
In 2017, the United States generated approximately 4 million tons of waste tires, and 18%
of these tires were disposed of in landfills. This resulted in 60 million accumulated tire stockpiles
in the United States [2]. The rubber component in tires is water and abrasion resistant and takes
more than 100 years to be destroyed, this leads to heavy pollution of the environment.
Studies show that thermal conversions of tires are affordable and reduce environmental
impact [2]. One promising technology is the integration of gasification and solid oxide fuel cell
where waste reacts with agent gas such as air, steam, or oxygen in the gasification process to
produce syngas for fuel cell utilization. [3]. Waste tires would be an ideal calorific fuel biomass
material because waste tires have an organic matter composition of more than 90% [4]. The
hydrogen production to feedstock ratio was found to be 0.154 for tires, which was also
competitive to one of the higher quality coals available for fuel usage which has a ratio of 0.158,
making tires a good source to produce hydrogen [2].
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1.2 Biomass Gasification
Gasification is a chemical process that converts carbonaceous materials like biomass into
useful convenient gaseous fuels or chemical feedstock [7]. Processes related to gasification are
pyrolysis, partial oxidation, combustion, and hydrogeneration [7]. The partial oxidation of
methane is widely used in production of syngas, which is a mixture of H2 and CO. With the need
of sustainable energy and reduction in greenhouse emissions, biomass has been proposed as a
potential fuel. Biomass gasification is one of the promising technologies to convert biomass into
gaseous fuel for power generation [8].
Three types of fuel are primarily produced from biomass: liquid (ethanol, methanol, or
pyrolysis oil), gaseous (methane, hydrogen, carbon dioxide, carbon monoxide), and solid
(charcoal). These fuels can produce heat, electricity, and transportation fuel [8]. Biomass was the
first on-demand resource of energy that humans exploited, but less than 22% of primary energy
demand is currently met by biomass-derived fuels [8].
There are several different gasification technologies including: moving bed, fixed bed,
and entrained flow gasifiers. Figure 1-1visually compares these gasifiers. In a moving bed
gasifier, fuel is fed from the top of the gasifier where it is preheated, dried, pyrolyzed, gasified,
and combusted as it moved towards the bottom of the gasifier [11]. A fixed bed gasifier can have
an updraft or downdraft reactor. In an up-draft reactor, the solid moves downwards with respect
to the gasification agent and then the syngas produced moves upward. In a downdraft reactor,
both the solid and the gas are moved downward [12]. In an entrained flow gasifier, the feed fuel
and the gasifying agent are injected co-currently [12]. When using an entrained flow gasifier, the
biomass powder is entered as fuel; because of this, a pre-treatment is required to reduce the bulk
density and moisture content [12].
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Figure 1-1Gasifier Comparison [19]

Recently, there has been a surge of interest in conversion of biomass into gas due to the
renewability, environmental, and sociopolitical benefits. Fossil fuels, such as coal, is commonly
used for gasification. However, fossil fuels are finite and nonrenewable [8]. Biomass is not likely
to be depleted with consumption, and that has made it of interest for energy production. If
biomass replaces fossil fuels in a plant, then CO2 reductions will be equivalent to what the fossil
fuel was emitting. A sociopolitical benefit to biomass gasification is also the reduced alliance on
fossil fuels.
As the use of vehicles increases around the world, tire disposal is becoming an alarming
problem. Many tires are disposed of in landfills, and this leaves them to slowly decompose or
burn, which creates serious environmental hazards [4]. In the United States, approximately 246
million tires are disposed of [4]. It is with this in mind that using tires as fuel is feasible; in fact,
studies show that tires can have up to 25% more energy than coal [4].
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In this project, a waste-tire gasification system integrated with a solid oxide fuel cell is
studied. A parametric study of the gasification system reveals the impacts of operating factors on
the syngas composition. The power generation from the SOFC is then calculated and the impacts
of operating factors are determined. In addition, the efficiency of the integrated system is
calculated under various operating conditions.

1.3 Solid Oxide Fuel Cells
A SOFC is an electrochemical device which converts the Gibbs free energy of the
combustion reaction of a fuel and oxidant gas (air) into electricity [11]. SOFC systems are fuel
flexible, have low emissions, and can operate at higher temperatures.
A SOFC consists of two porous electrodes separated by a dense, gas tight, oxide-ionconducting electrolyte [12]. Oxygen gas molecules on the cathode side react with incoming
electrons coming from the external circuit to form oxygen ions, which migrate through the oxide
ion conducting electrolyte to the anode [12]. The oxygen ions react with H2 at the anode or other
fuels to form H2O and CO2; electrons that flow from the anode through the external circuit to
the cathode produce electricity [12]. This process is demonstrated in figure 1. If both fuel and
oxygen is supplied constantly, then the electrochemical reactions can steadily generate
electricity.
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Figure 1-2 Operation of a SOFC
Planar and tubular technologies are popular designs for solid oxide fuel cells. In a planar
design, a series of cell components are configured as thin, flat plates, that are electrically
connected to build up desirable electrochemical performance [11]. Planar designs offer several
advantages, including high power densities and less expensive manufacturing [11]. A
disadvantage to planar designs is the need for high temperature gas-tight seals between
components in the SOFC stack [11]. The overall stability of the planar stack is managed by
improving fuel utilization, uniform temperature distribution, and uniform current [11]. In a
tubular SOFC stack, many tubular cells are mounted in the bundle, and each of them is
surrounded by four others [12]. Therefore, the singular tubular SOFC works under the same
temperature and concentrations of the gas species, and this simplifies the overall analysis of the
SOFC stack [12]. Regardless of the planar or tubular design of the SOFC, the voltage produced
is generally less than 1 V; therefore, a connection of single cells, a stack, is formed to obtain
higher power [11]. The design of SOFC stacks consider the electrochemical and thermodynamic
performance to generate more power [11].
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Chapter 2: Literature Review
2.1. Integrated Gasification Combined Cycle Systems
Integrated gasification combined cycle systems are attractive due to their fuel flexibility.
A parametric study was conducted to compare the performance of municipal solid waste, wood,
paper, and saw dust on a proposed IGCC system [13]. The proposed system was equipped with
CO2 capture and integrated with a gas turbine, thermoelectric generator, and an MSF-BR (multistage flash brine recirculation) unit to produce electricity and fresh water [13]. In this study, the
effects of design parameters on energy efficiencies were determined. An increase in fuel
utilization led to decrements in partial pressure and mass flow rate of hydrogen, therefore
reducing the SOFC voltage and overall power output of the system [13]. However, an increase in
fuel utilization led to an increase in energy efficiency due to the decreased amount of biomass
intake [13]. Of the fuels studied, MSW (municipal solid waste) had the highest hydrogen partial
pressure and energy efficiency ranging from 32.97%-48.93% [13]. The energy efficiency of the
other fuels studied were not far behind with efficiencies of 36.41%-48.28%,35.94%-48.27%, and
36.83%-48.60% for wood, paper, and sawdust respectively [13].
A study compared the energy analysis of three different designs: municipal solid waste
(MSW) based IGCC power system, MSW IGCC polygeneration system, and CaO based IGCC
polygeneration system [14]. These three designs were compared based on their energy and
exergy analysis [14]. The MSW based IGCC system had the largest power output and largest
CO2 emissions; the net energy of CaO based IGCC polygeneration system was higher than the
other designs studied but lower than that of a coal-based system [14].
Another study was conducted on a proposed system integrating a biomass gasifier unit,
SOFC unit, EFGT (externally fired gas turbine) model and HRSG (heat recovery steam
13

generator) unit [15]. An energy and parametric analysis on this system was preformed [15]. The
current density, pressure ratio, and saturation pressure of steam at the HRSG were the most
effective parameters in determining the efficiency of the system [15]. At a lower current density,
the fuel intake to the SOFC is less and the voltage polarization losses decrease [15]. The
decrease in voltage polarization losses result in higher power output of the SOFC [15].
Integrated gasification combined cycle (IGCC) plants convert fuels/ materials into
electricity; in these plants, the carbon containing material is fed to the gasifier along with oxygen
and steam to produce raw syngas [5]. SOFC is considered one of the most important energy
technologies for its high efficiency and low environmental impact [6]. SOFC is fuel flexible and
ideal for syngas conversion due to its high operating temperature [6].
Rising energy demand, environmental concern and cost of power generation are driving
developing nations to shift toward energy efficient, clean, and environmentally friendly power
generation [6]. Due to the high operating temperatures (1073-1573K) of the biomass gasification
process, integration with a SOFC can be a promising technology [6].
The combination of biomass gasification with fuel cells, especially high temperature
SOFCs, promises sustainable and highly efficient energy conversion systems [1]. The fixed bed
tire gasification model is simulated by a one-dimensional kinetic model [4]. Figure 3-1 shows the
structure of the model. The combustion zone uses equilibrium assumptions to simulate the
processes of drying, pyrolysis, and combustion while the reduction zone uses a kinetic model to
calculate the final syngas product [4].
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Chapter 3: Methodology
3.1 Equilibrium gas model
The chemical-equilibrium model is a reliable mathematical method to simulate the
gasification processes of fluid bed and entrains flow [8]. To improve the accuracy of the
equilibrium model, many researchers began to combine the kinetic reaction model with the
equilibrium model to propose several one-dimensional kinetic models as shown in figure 3-1 [8].
The main assumption of this model is that the total gasification process is divided into the
combustion zone and reduction zone. In figure 3-1, ‘k’ denotes the specific control volume of
these zones. The combustion zone includes drying and pyrolysis [8]. The assumptions of the
combustion zone for the mathematical model are:
(1) The chemical formula of the biomass fuel is derived from the dry based ultimate
analysis of it.
(2) The tar product from the pyrolysis zone is negligible.
(3) At the exit of the combustion zone, the gaseous species are in chemical equilibrium.
(4) The major heating loss of the gasifier occurs in this combustion zone.
(5) The temperature at the end of this zone is calculated by conducting an energy balance
across the zone.
The reduction zone, the syngas and char is reformed into syngas and char product. The following
are the main assumptions of the reduction zone:
(1) The input character of the reduction zone is the same as the exit of combustion zone.
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(2) The reduction zone is one-dimensional, and the total reduction zone has been divided
into small finite reaction volumes.
(3) The heating loss of the reduction zone is negligible.
(4) The temperature of every small finite reaction volume is uniform. However, the
temperature at exit of each small reaction volume is calculated by the kinetically controlled
equations and is the same as the temperature of the next small reaction volume.
(5) In the reduction zone the only carbon component of the biomass fuel reacts with the
combustible syngas from combustion zone. Other components’ reactions are negligible.
The global reaction of the conversion of biomass to the mixture products using air as oxidizing
agent is represented in equation 1.
𝑤∗(12+𝑚+8𝑛)

𝐶𝐻𝑚 𝑂𝑛 + 18∗(100−𝑤)(100−∝) 𝐻2 𝑂 +

1+0.25𝑚−0.5𝑛
∅

(𝑂2 + 3.76𝑁2 ) = 𝑥1 𝐻2 + 𝑥2 𝐶𝑂 + 𝑥3 𝐶𝑂2 +

𝑥6 𝑁2 + 𝑥7 𝐶

[1]

In equation 1, 𝐶𝐻𝑚 𝑂𝑛 is based on the ultimate analysis of the combustible fuel, 𝑤 and ∝
are the moisture and ash percentage from the proximate analysis, ∅ is the equivalence ratio (ER),
and 𝑥1 and 𝑥7 are the mole number of products from one mole of fuel. To solve for the mole
number of products, mass balancing is done. Equation 2 is the mass balancing of carbon,
equation 3 is the mass balance of hydrogen, equation 4 is the mass balance of oxygen, and
equation 5 is the mass balance of nitrogen.
𝑥2 + 𝑥3 + 𝑥5 + 𝑥7 = 1
2𝑥1 + 2𝑥4 + 4𝑥5 = 𝑚 +

[2]
2 ∗ 𝑤 ∗ (12 + 𝑚 + 8𝑛)
18 ∗ (100 − 𝑤)(100−∝)
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[3]

𝑥2 + 2𝑥4 + 𝑥4 = 𝑛 +

𝑥6 = 3.76 ∗

𝑤 ∗ (12 + 𝑚 + 8𝑛)
1 + 0.25𝑚 − 0.5𝑛
+2∗
18 ∗ (100 − 𝑤)(100−∝)
∅

1+0.25𝑚−0.5𝑛

[4]

[5]

∅

The equivalence ratio (∅) is defined by equation 6:

∅=

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑜𝑥𝑖𝑑𝑎𝑛𝑡
)
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑎𝑠ℎ 𝑓𝑟𝑒𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑢𝑎𝑙 𝑜𝑥𝑖𝑑𝑎𝑛𝑡
(
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑎𝑠ℎ 𝑓𝑟𝑒𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

(

[6]

Figure 3-1: Gasifier
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3.2 Solid Oxide Fuel Cell Model
3.2.1 Open Circuit Voltage
In a solid oxide fuel cell, the ideal reversible potential of H2-O2 can be determined by
finding the open circuit voltage, which is modeled using the Nernst Equation. This is shown in
equation 7.
Eo =

−∆G0
2F

RT

+ 2F ln(

pH2 ∗(Po2 )1/2
Ph2o

)

[7]

3.2.2 Activation Polarization
A fuel cell is characterized by thermodynamic and electrochemical reactions. In a fuel cell, the
plant efficiency relies extensively on the terminal voltage. The terminal voltage is a combination
of the cell potential, activation polarizations, ohmic polarizations, and concentration
polarizations. The terminal voltage is modeled in equation 8.
𝑉 = 𝐸𝑜 − 𝑛𝑎𝑐𝑡,𝑎 − 𝑛𝑎𝑐𝑡,𝑐 − 𝑛𝑜ℎ𝑚 − 𝑛𝑐𝑜𝑛

[8]

The electrochemical reactions involve energy barriers which must be overcome by the reacting
species [16]. The energy barrier is referred to as the activation energy and results in activation
polarization, or the potential energy that is necessary to overcome the barrier [16]. The butlervolmer equation models this phenomenon.

𝑖 = 𝑖𝑜 {𝑒𝑥𝑝(

∝ 𝐹𝑛𝑎𝑐𝑡
1(1−∝)𝐹𝑛𝑎𝑐𝑡
) − 𝑒𝑥𝑝[
]}
𝑅𝑇
𝑅𝑇

[9]

Where i is the transfer coefficient, F is the faraday constant, and 𝑖𝑜 is the current exchange
density. There is a current exchange energy for the cathode and for the anode. These are modeled
in equations 10 and 11. If the current exchange density is high, then there is a good
electrochemical reaction rate and that leads to a good fuel cell performance [16].
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𝑖𝑜,𝑎 = 𝛾𝑎 (

𝑃𝐻2 𝑃𝐻2𝑂
𝐸𝑎𝑐𝑡,𝑎
)(
)𝑒𝑥𝑝(−
)
𝑃0,𝑎 𝑃0,𝑎
𝑅𝑇

[10]

𝑃𝑂2 0.25
𝐸𝑎𝑐𝑡,𝑎
) 𝑒𝑥𝑝(−
)
𝑃0,𝑐
𝑅𝑇

[11]

𝑖𝑜,𝑐 = 𝛾𝑎 (

These exchange current densities were used to solve for the activation polarization for the
cathode and anode together. Equation 12 represents this relationship.

𝑛𝑎𝑐𝑡 = (

2𝑅𝑇
𝑖
2𝑅𝑇
𝑖
∗ 𝑠𝑖𝑛−1 ( )) + (
∗ 𝑠𝑖𝑛−1 ( ) )
2𝐹
𝑖𝑜,𝑎
2𝐹
𝑖𝑜,𝑐

[12]

3.2.3 Concentration Polarization
Lowering the concentration polarization will theoretically improve the performance of the fuel
cell; therefore, electrodes with high porosity and large pores are sought after [17]. The analysis
of concentration polarization begins with the analysis of the transport gases through the porous
electrodes [17]. In the anode, 𝐻2 and 𝐻2 O are the principle gaseous species and 𝑂2 and 𝑁2 are
the principal species in the anode.
If the gradient of every gas composition is considered linear across the anode, then equation 13
can be used [12]. Where 𝑖𝐿 is the current density, which is assumed to be constant throughout.
𝑛𝑐𝑜𝑛 =

𝑅𝑇
𝑖
𝑙𝑛(1 − )
2𝐹
𝑖𝐿

[13]
3.2.4 Ohmic Polarization

Ohmic losses occur because of resistance to the flow of ions in the electrolyte and the resistance
to flow of electrons through the electrode materials [17]. These losses can be reduced by
decreasing the distance of electrolyte separation and enhancing the ionic conductivity of the
electrolyte [17]. These losses are represented by Ohm’s Law, equation 14.
19

𝑛𝑜ℎ𝑚 = 𝑖𝑅𝑒

[14]

Re is the ohmic resistance. There is an ohmic resistance for the anode, cathode, and electrolyte.
This is shown in equation 15.
𝑅 = ∑ 𝜌𝛿

[15]

Where 𝜌 is the material resistivity and 𝛿 is the thickness of the anode, cathode, and electrode.

3.2.5 Internal reforming
Catalytic steam reforming of hydrocarbons, such as methane, is an attractive option for
producing the hydrogen required to operate fuel cells [18]. This process is performed between
750°𝐶 and 900°𝐶. These high operating temperatures allow for endothermic steam reforming,
and the heat released from the SOFC can provide enough heat for the shifting and reforming
reactions [18]. Figure 3-2 shows internal reforming in the fuel cell. The reactions that take place
are:
𝐶𝑂 + 𝐻2 𝑂 ↔ 𝐶𝑂2 + 𝐻2 (𝑠ℎ𝑖𝑓𝑡𝑖𝑛𝑔)

[16]

𝐶𝐻4 + 𝐻2 𝑂 ↔ 𝐶𝑂 + 3𝐻2 (𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔)

[17]

The reforming and shifting reactions are assumed to be at chemical equilibrium; therefore, the
partial pressures of the reactants and products can be used to calculate the equilibrium constants.
This is represented in equations 18 and 19.
𝐾2 =

𝑝𝐻2 𝑝𝐶𝑂2
(𝑠ℎ𝑖𝑓𝑡𝑖𝑛𝑔)
𝑝𝐶𝑂 𝑝𝐻2𝑂

[18]

𝐾2 =

𝑝3 𝐻2 𝑝𝐶𝑂
(𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔)
𝑝𝐶𝐻4 𝑝𝐻2𝑂

[19]
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𝐾2 and 𝐾3 are functions of temperature and can also be solved for by using the molar rates of the
reactions taking place in the SOFC. Equations 20 and 21 represent this relationship. x and y
correspond to the molar flow rates of 𝐶𝐻4 and 𝐶𝑂 respectively. ‘z’ is the reaction rate and is
calculated using equation 21.
𝐾2
=

(𝐶𝑂2𝑖𝑛 + 𝑦)(𝐻2𝑖𝑛 + 3𝑥 + 𝑦 − 𝑧)
(𝐶𝑂𝑖𝑛 + 𝑥 − 𝑦)(𝐻2 𝑂𝑖𝑛 − 𝑥 − 𝑦 + 𝑧)
𝑖𝑛

𝐾3 =

𝑧=

[20]

𝑖𝑛

𝐻 +3𝑥+𝑦−𝑧 3 𝐶𝑂 +𝑥−𝑦
( 2 𝑖𝑛
) ( 𝑖𝑛
)
𝑛𝑡𝑜𝑡 +2𝑥
𝑛𝑡𝑜𝑡 +2𝑥

[21]

𝑖𝑛

𝐶𝐻
𝐻 𝑂𝑖𝑛 −𝑥−𝑦+𝑧
( 𝑖𝑛 4 )( 2 𝑖𝑛
)
𝑛𝑡𝑜𝑡 +2𝑥
𝑛𝑡𝑜𝑡 +2𝑥

𝐼
(2𝐹)

[22]

Figure 3-2: Steam Reforming Reactor
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3.3 Parametric Study
A parametric study was done to determine the impacts of syngas composition on the
efficiency and power produced by the SOFC. This was done by comparing varying levels of
moisture content, mixture ratio, and the equivalence ratio in the gasifier.
Based on the combustion theory, complete combustion occurs at an equivalence ratio of
1. As the amount of oxygen decreases the fuel-air mixture will become fuel rich, meaning that
the equivalence ratio is greater than 1 [20]. This results in a decrease in 𝐶𝑂2 and increase in CO.
For the gasification process, 𝐶𝑂2 and CO are considered stoichiometric indicators [20]. When
gasifying waste tires, the ER is thought to be between 0.2 and 0.5 [3].
The moisture content of biomass is the quantity of water existing within the biomass,
expressed as a percentage of the total material’s mass [21]. Therefore, increasing the moisture
content will result in more water reactants which reduces the gasification temperature and
improves the water shift reaction [3].
The rubber structure of tires results in the carbon conversion rate (CCR) of the
gasification process being lower than 82% [3]. To increase the CCR, researchers have used a
mixture of wood and tire [3]. In the gasification process, when the tire mixture ratio increases the
percentage of 𝑁2 increases and the other components decrease [3]. A higher tire mixture ratio
will result in more carbon reactions, which requires more air to keep the ER value constant and
thus increases the syngas yield [3].

22

For this study, the moisture content varied from 5% to 40%, the equivalence ratio was
evaluated from 0.01-0.5, and the mixture ratio was evaluated from 0.05-0.4. At each variable, the
efficiency and power output of the SOFC was determined.
In mathematical fuel cell models, three primary reactions take place: an electrochemical
reaction between hydrogen and oxygen, which is responsible for current generation, the steam
reforming reaction, and the water gas shift reaction [19]. The operating parameters of the fuel
cells are determined by the chemical equilibrium constants of the water shift reaction, equations
19 and 20. These constants are expressed as a function of temperature.
In an SOFC, the power output increases as the inlet temperature increases; however, the
electrical efficiency decreases as temperature increases [19]. Electrical efficiency is modeled in
equation 23.

𝜂𝑒𝑓𝑓 =

𝑊 𝑆𝑂𝐹𝐶
𝐿𝐻𝑉 ∗ 𝑚̇ 𝑎

[23]

𝑊 𝑆𝑂𝐹𝐶 is the power produced, equation 24; 𝑚𝑎 is the fuel mass flow rate and LHV is the lower
heating value.
𝑊𝑆𝑂𝐹𝐶 = 𝐼 ∗ 𝑉

[24]

Where I is the current, given in equation 25.
𝐼 = 2∗𝑧∗𝐹

[25]

As the voltage decreases, the current density and power output increase [15].
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Chapter 4: Results and Discussion
4.1 Syngas Output from Waste Tire Gasification

Changing the parameters in the gasifier also changes the parameters in the SOFC. Since
the input to the SOFC is the output of the gasifier, a parametric study was preformed on the
gasifier to determine the effects of moisture content, equivalence ratio, and mixture ratio on the
output component flow rates of the gasifier. When the mixture ratio varied, the equivalence ratio
was held constant at 0.42 and the moisture content was held at 0.9%. When the moisture content
was varied, the ER was held at 0.42, and there were no wood pellets added into the mixture.
When the ER varied, the moisture content was held at 0.9% and there were no wood pellets
added into the mixture. This held true for all the experiments run.
Increasing the moisture content led to an increase in power produced and efficiency of
the SOFC. The flow rate of 𝐻2 ,CO, 𝐶𝑂2, 𝐻2 𝑂,and C𝐻4 out of the gasifier and into the SOFC
increased as the moisture content increased. However, this caused a decrease in the flow rate of
carbon and the flow rate of 𝑁2 remained constant. Figure 4-1 displays this relationship.
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Figure 4-1: Moisture Content vs Flow rate
When increasing the mixture ratio, the flow rate of 𝐻2 ,CO, 𝐶𝑂2, 𝑁2 and C𝐻4 increased
coming out of the gasifier and into the SOFC while the flow rate of 𝐻2 𝑂 decreased. Increasing
the equivalence ratio decreased the flow rate of C𝐻4 and C but increased the flow rate of 𝐻2 ,CO,
𝐶𝑂2, 𝑁2 , and 𝐻2 𝑂. This is shown in figures 4-2 and 4-3.

Figure 4-2: Mixture Ratio vs Flow rate
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Figure 4-3: ER vs Flow rate
In this study, the highest efficiency achieved by the system was 59.3% with a power
output of 8.85(107 ) Watts and an equivalence ratio of 0.1. Overall, the variation in the
equivalence ratio had the most impact on the efficiency and power produced by the SOFC. The
difference in efficiency at the lowest ER tested and the highest was 35.4% while the differences
in efficiency for the mixture ratio and moisture content was 2.78% and 1.38% difference
respectively.

4.2: Performance of Waste Tire Integrated SOFC system
The parametric study compared the effects of moisture content, the mixture ratio, and the
equivalence ratio of the waste tire on the output performance on the SOFC. As the moisture
content of the waste tire increased, the power output of the SOFC increased. This is illustrated in
figure 4-5. The maximum moisture content evaluated was 40%, and this produced a SOFC
power output of 1.57(108 ) W. However, 40% moisture produced an efficiency of 28.22%; while
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the maximum efficiency produced was 22.28% at 35% moisture. Figure 4-4 compares the
moisture content to the system efficiency.

Figure 4-4: Moisture Content vs Efficiency

Figure 4-5: Moisture Content vs Power
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Figure 4-6 illustrates the relationship between the equivalence ratio and power output of
the system. As the equivalence ratio increases, the power produced increases. This is true up
until an ER of 0.3 and power of 1.08(108 ) W, after this point the power output begins to decline.
However, as the equivalence ratio increases the efficiency decreases. The maximum efficiency
was 59.37% at an equivalence ratio of 0.1. Figure 4-7 shows this relationship. When varying the
equivalence ratio, there must be a design trade off between achieving maximum power and
efficiency. The optimum equivalence ratio can be chosen by observing the values on the left side
of the slope in figure 4-6. Since figure 4-7 shows that increasing ER decreases efficiency,
choosing a lower ER value that still achieves close to maximum power generated would be ideal.
In this case, an ER of 0.25 could be considered optimal.

Figure 4-6: Equivalence Ratio vs Power
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Figure 4-7: Equivalence Ratio vs Efficiency
When varying the mixture ratio, the highest efficiency achieved was 25.2% at a mixture
ratio of 0.22. As the mixture ratio increased, the efficiency increased up until 25.2%, this is
demonstrated in figure 4-8. The power produced increased as the mixture ratio increased as well.
The maximum power produced was 9.20(108 ) W at a mixture ratio of 0.2. This is shown in
figure 4-9.

Figure 4-8 Mixture Ratio vs Efficiency
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Figure 4-9: Mixture Ratio vs Power

From this study, optimal design parameters for the ER, mixture ratio, and moisture
content were determined. These values are shown in table 1. A simulation was done with these
parameters as input, and the maximum efficiency achieved was 33% and the power generated
was 1.06(109 ) W.

Optimal Design Parameters
ER
0.25
Mixture Ratio
40%
Moisture Content 30%
Table 1: Optimal Design Parameters
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Since the optimal equivalence ratio was determined to be 0.25, the SOFC power
generated, and efficiency were determined at this optimal equivalence ratio. The mixture ratio
and moisture content were varied while the optimal ER was held constant. Figures 4-10 and 4-11
show the relationships for the mixture ratio.

Figure 4-10: Mixture Ratio vs WSOFC
In figure 4-10, the power generated was between 8(108 ) W and 9.5(108 ) W. The
maximum power generated was at a mixture ratio of 40%.
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Figure 4-11: Mixture Ratio vs Efficiency
Figure 4-11 evaluates the efficiency while holding the ER at 0.25 and varying the mixture
ratio. In this figure, there is a steady increase in efficiency as the mixture ratio increases. The
maximum efficiency reached was 32.5% at a mixture ratio of 40%.
The moisture content was also varied while holding the ER constant at 0.25. Figures 4-12
and 4-13 show the relationship between the moisture content, efficiency, and power. As the
moisture content increased, both the power generated, and efficiency increased.
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Figure 4-12: Moisture Content vs WSOFC
In figure 4-12, the relationship between power generated and moisture content is shown.
The maximum power generated was at 1.7(108 ) W and a moisture content of 40%.

Figure 4-13: Moisture vs Efficiency
The efficiency of the system while varying the moisture content is shown in figure 4-13.
The maximum efficiency was 35.8% at a moisture content of 40%.
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ER
0.25
0.4
0.25
0.4
0.25

SOFC Parametric Study
Moisture
Mixture
Content
Ratio
W
0.90%
1.0157(10^8)
30%
1.40(10^8)
40%
1.70(10^8)
0.90%
40%
8.12(10^8)
0.90%
40%
9.45(10^8)
Table 2: SOFC Parametric Study

EFF
33.62%
28.28%
35.80%
25.28%
32.60%

The parametric study done on the SOFC was done by varying the equivalence ratio,
mixture ratio, and moisture content of the waste tire input to the gasifier. This varied the
efficiency and power generated by the SOFC. The initial variation of parameters determined that
the optimal parameters for ER, mixture ratio, and moisture content were 0.25, 40%, and 30%
respectively. Waste tire of this composition resulted in an SOFC efficiency of 33% and the
power generated was 1.06(109 ) W. This is shown in table 1. This newfound equivalence ratio
was then held constant as the moisture content and mixture ratio were increased again. The
results of this simulation are shown in table 2. Decreasing the initial ER from 0.4 to 0.25 resulted
in nearly a 10% increase in efficiency in all cases. The power generated also increased. The
overall highest power generated was with an ER of 0.25, moisture content of 0.90% and mixture
ratio of 40%. The efficiency at these conditions was 32.30%, but the highest efficiency achieved
was 35.80%. This was done with an ER of 0.25 and moisture content of 40%.
Solid oxide fuel cell electrical efficiencies are commonly between 28%-40% [5]. The
maximum efficiency achieved in this study was 30%-60%. The overall maximum power
generated was 9.45(10^8) W. This compares favorably to other studies done. SOFC can generate
power at 181.5kW, and have an efficiency of 36% [1], 1395.61kW and 29.83% efficiency,
13.01MW and 39.09% efficiency [24]. These results were given for various biomass inputs
studied; published results are given in table 3.
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Published Data
Power
Efficiency Generated
36%
181.5kW
29.83%
1395.61kW
39.09%
13.01MW
47%
50MW
Table 3: Published Data

Chapter 5: Conclusions and Recommendations
Previous modeling was conducted in MATLAB to simulate the gasification of waste
tires. The newly developed MATLAB model for the SOFC uses the output of the gasification
model as the input. Therefore, varying the moisture content, equivalence ratio, and mixture ratio
in the gasifier was necessary to obtain the output flow rates of the gasifier into the SOFC.
The parametric study conducted determined that the equivalence ratio had the greatest
effect on the flow rates going into the fuel cell, the efficiency, and the power output. Throughout
the study, efficiencies produced continuously ranged from 20%-50%, therefore proving that
waste tires can provide a good source of fuel for an integrated gasification-SOFC system.
Future work to determine the overall performance and feasibility of the system should
include an economic analysis and energy balance of the fuel cell. The energy balance would
determine the output mass flow rates of the system, and the economic analysis would include the
cost of waste tires for gasification and maintenance of the system.
Waste tires were initially proposed for fuel production due to their high organic matter
composition of 90 % [1]. 60 million waste tires have accumulated in stockpiles in the United
States, and these take up to 100 years to be destroyed by microorganisms [1]. Using waste tires
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as fuel could eliminate this problem. Current integrated gasification-SOFC systems that utilize
coal as fuel can reach efficiencies of 30-40% [23]. The results of this study prove that waste tires
as fuel is a possibility for integrated gasification-SOFC technologies in the future.
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